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This  study  examines  the  role  of  transition  metals  (Co  or  Fe)  on  nitrogen-modified  carbon-based  catalysts 
for  the  oxygen  reduction  reaction  (ORR).  The  nitrogen-modified  carbon-based  catalysts  are  synthesized 
by  the  pyrolysis  process  in  the  presence  of  polypyrrole  (PPy)  and  ethylenediamine  (ED)  with  different 
amounts  of  transition  metals.  Electrochemical  data  and  inductively  coupled  plasma-atomic  emission 
spectroscopy  (ICP-AES)  analysis  do  not  support  that  the  transition  metal  itself  behaves  as  an  active  site 
for  ORR.  The  X-ray  photoelectron  spectroscopy  (XPS)  and  elemental  analysis  results  show  that  the  total 
nitrogen  content  and  the  active  nitrogen  functional  groups,  such  as  pyridinic-N  and  graphitic-N,  are 
strongly  dependent  on  the  type  of  transition  metal  and  the  amount  of  transition  metal  used.  Therefore,  it 
is  believed  that  transition  metals  serve  to  catalyze  the  formation  of  active  nitrogen  functional  groups  for 
the  ORR  by  doping  nitrogen  into  carbon. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  the  development  of  inexpensive,  non-precious,  high- 
performance  and  durable  oxygen  reduction  reaction  (ORR)  metal 
catalysts  has  become  one  of  the  major  topics  in  research  on  poly¬ 
mer  electrolyte  membrane  (PEM)  fuel  cells.  One  of  the  major 
drawbacks  for  the  commercialization  of  PEM  fuel  cells  is  the  high 
cost  associated  with  the  use  of  precious  metal  catalysts.  Various 
materials  have  been  studied  for  use  as  ORR  catalysts,  including 
transition  metal  chalcogenides  [1—3],  pyrolyzed  transition  metal 
macrocycles  [4-7],  conductive  polymer-based  catalysts  [8-11], 
metal  oxides/carbides  [12-14]  and  transition  metal  nitrogen- 
containing  complexes  supported  on  carbon  materials  (M-Nx-C) 
[15—19].  Among  these  candidates,  the  M-Nx— C  catalysts  have 
gained  increasing  attention  as  a  substitute  to  replace  the  currently 
used  Pt-based  electrocatalysts  due  to  their  promising  ORR  activity 
and  stability  in  acidic  environments  and  high  potentials  on  cathode 
side. 

The  M-Nx— C  catalyst  has  been  extensively  studied  since  it  was 
demonstrated  that  transition  metal  macrocycles  supported  on 
carbon,  such  as  cobalt  phthalocyanine  possess  catalytic  activity 
toward  the  ORR  [20].  The  stability  of  M-Nx-C  catalyst  in  acidic 
condition  was,  however,  not  sufficient  for  its  application  in  PEM 
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fuel  cells.  In  an  effort  to  improve  stability,  high  temperature  heat 
treatment  procedures  were  introduced  to  prepare  the  M-Nx— C 
catalysts  [21-25].  The  decomposed  macrocyclic  compounds  still 
showed  activity  toward  the  ORR.  A  significant  breakthrough  came 
when  it  was  discovered  that  M-Nx— C  moieties  could  be  created 
from  a  variety  of  different  metal,  nitrogen  and  carbon  precursor 
materials  with  high  heat  treatment  without  using  expensive 
macrocyclic  compounds.  Following  this  approach,  many  M-Nx-C 
catalysts  have  been  synthesized  using  various  inexpensive 
nitrogen-containing  compounds  such  as  ammonia,  acetonitrile  and 
chelating  agents  [26-29].  Recently,  we  reported  highly  active  and 
stable  M-Nx— C  catalysts  synthesized  using  chelating  agents  and 
conducting  polymers  as  nitrogen  precursors  in  the  presence  of 
transition  metals  [30]. 

Despite  several  decades  of  study  by  various  groups,  the  nature  of 
the  active  site  and  the  role  of  the  transition  metal  in  M-Nx-C 
catalysts  are  still  not  clear  and  are  heavily  debated  in  the  litera¬ 
ture.  Some  researchers  have  proposed  that  transition  metal  atoms 
coordinated  to  nitrogen  serve  as  active  sites  for  the  ORR  [31,32].  In 
that  scenario,  the  oxygen  is  initially  adsorbed  and  reduced  to 
peroxide  at  an  M-Nx  site.  The  intermediate  product,  peroxide,  can 
be  reduced  to  water  by  a  decorated  active  metal  oxide  species  on 
the  catalyst  surface  [33].  Others  have  proposed  that  the  transition 
metal  itself  does  not  play  a  role  in  the  ORR.  Instead,  specific 
nitrogen  functional  groups  such  as  pyridinic-N  or  graphitic-N  serve 
as  the  catalytic  site  by  enhancing  the  electron  donor  properties  of 
the  nitrogen-modified  carbon-based  catalysts  [34-36].  Thus,  ORR 
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catalytic  activity  depends  on  the  nitrogen  precursor,  transition 
metal  and  synthesis  strategy. 

The  present  study  explores  the  role  of  the  transition  metal  in  the 
synthesis  of  nitrogen-modified  carbon-based  ORR  catalysts.  The 
physical  and  electrochemical  properties  of  the  catalysts  were 
characterized  using  various  techniques.  Based  on  these  results, 
a  hypothesis  for  the  role  of  transition  metals  is  proposed  that  can 
serve  to  guide  the  preparation  of  better  nitrogen-modified  carbon- 
based  ORR  catalysts  for  both  activity  and  stability. 

2.  Experimental 

2  A.  Catalyst  synthesis 

The  nitrogen-modified  carbon-based  ORR  catalysts  were 
synthesized  by  pyrolysis  in  the  presence  of  cobalt,  polypyrrole 
(PPy)  and  ethylenediamine  (ED).  This  method  was  described  in 
detail  in  our  previous  work  [30].  As  a  first  step,  PPy  coated  carbon 
nanofiber  composites  (PPy-CNF)  were  synthesized  by  the  in  situ 
chemical  oxidative  polymerization  of  pyrrole  monomers  on  CNF 
(from  Suntel  Co.  Ltd.,  Korea).  Separately,  cobalt  nitrate  (Co(N- 
03)2-6H20,  as  a  Co  source)  was  added  to  ethanol  solutions  in 
different  amounts  to  prepare  2,  5, 10  and  20  wt.%  Co  loading  on  the 
PPy-CNF  support.  Next,  ethylenediamine  (ED)  was  added  to  the 
resulting  ethanol  solutions  to  prepare  a  cobalt-ethylenediamine 
(Co— ED)  complex.  The  amount  of  ED  added  was  the  same  for 
each  solution  to  maintain  the  total  amount  of  nitrogen  source 
supplied  constant  during  the  synthesis  procedure.  Next,  0.2  g  of 
PPy-CNF  composite  was  added  to  each  cobalt-ethylenediamine 
(Co-ED)  solution,  followed  by  vigorous  stirring.  The  reaction 
mixtures  were  refluxed  at  80  °C  for  3  h,  and  the  solvents  were 
removed  in  a  rotary  evaporator  at  50  °C  under  vacuum.  The 
resulting  powders  were  pyrolyzed  in  an  argon  atmosphere  at 
800  °C  for  1  h.  To  remove  excess  metal  remaining  in  the  catalyst, 
the  pyrolyzed  samples  were  treated  with  a  0.5  M  H2S04  solution  at 
80  °C  for  3  h  before  being  washed  thoroughly  with  de-ionized 
water.  The  resulting  catalyst  was  designated  as  Co-ED/PPy-CNF- 
M,  where  M  is  the  wt.%  of  the  metal  added  during  the  reaction. 
For  example,  when  2,  5, 10  and  20  wt.%  Co  are  added  during  the 
reaction,  the  samples  are  denoted  as  Co-ED/PPy-CNF-2,  Co-ED/ 
PPy-CNF-5,  Co— ED/PPy— CNF-10  and  Co-ED/PPy-CNF-20, 
respectively.  For  comparison,  Fe  instead  of  Co  was  used  to 
prepare  Fe-ED/PPy-CNF  catalysts  in  the  same  fashion. 

2.2.  Electrochemical  characterization  and  MEA  test 

Electrochemical  characterization  of  the  catalysts  was  performed 
using  a  rotating  disk  electrode  (RDE,  Pine  Research  Instrument). 
The  experiment  was  performed  in  0.5  M  H2S04  using  a  conven¬ 
tional  three-electrode  cell.  A  glassy  carbon  electrode  with  a  thin 
film  of  the  prepared  sample  was  used  as  the  working  electrode.  A 
platinum  wire  and  standard  Hg/HgS04  electrode  were  used  as  the 
counter  and  reference  electrodes,  respectively.  The  catalyst  ink  was 
prepared  by  blending  the  catalyst  powder  into  a  solvent  of  iso¬ 
propyl  alcohol  (IPA)  containing  5  wt.%  Nation  ionomer.  The  catalyst 
ink  was  deposited  onto  the  glassy  carbon  disk  (0.35  mg  cm-2)  fol¬ 
lowed  by  drying  in  a  nitrogen  atmosphere.  Linear-sweep  voltam- 
mograms  were  recorded  in  the  potential  range  between  1.0  and 
0.0  Vnhe  at  a  scan  rate  5  mV  s-1  and  1200  rpm. 

The  membrane  electrode  assembly  (MEA)  preparation  method 
is  as  follows.  A  commercial  Pt/C  catalyst  (40  wt.%  Pt,  Johnson 
Matthey  Co.)  was  used  as  the  anode,  and  the  various  synthesized 
catalysts  were  used  as  the  cathodes.  The  anode  and  cathode  cata¬ 
lyst  inks  were  prepared  by  ultrasonically  mixing  5  wt.%  Nation 
ionomer  in  IPA,  and  then  they  were  sprayed  directly  onto  a  Nation 


212  membrane  with  a  5  cm2  geometric  area.  The  total  cathode 
loading  was  controlled  at  8  mg  cm-2.  The  polarization  curves  were 
measured  at  75  °C  and  202.6  kPa  absolute  pressure.  Pure  hydrogen 
was  supplied  to  the  anode  at  a  flow  rate  of  0.3  Lmin-1,  and  pure 
oxygen  was  supplied  to  the  cathode  at  a  flow  rate  0.6  Lmin-1. 

2.3.  Physical  characterization 

High-resolution  transmission  electron  microscopy  (HR-TEM, 
JEM-30100  model)  was  performed  to  observe  transition  metal 
particles  absorbed  on  the  PPy-CNF  supports.  Inductively  coupled 
plasma-atomic  emission  spectroscopy  (ICP-AES)  analysis  was  per¬ 
formed  to  estimate  the  transition  metal  loading  in  the  catalysts.  X- 
ray  photoelectron  spectroscopy  (XPS,  Sigma  probe  UK)  was  per¬ 
formed  to  analyze  the  surface  composition  of  the  catalysts.  The 
binding  energy  (BE)  scale  was  calibrated  from  the  hydrocarbon 
contamination  using  the  C  Is  peak  at  284.6  eV.  The  nitrogen 
content  was  measured  using  a  Delta  Plus  mass  spectrometer 
(Thermo  Finnigan,  Bremen,  Germany)  coupled  with  an  elemental 
analyzer  (EA  1110,  CE  Instruments,  Milan,  Italy). 

3.  Results  and  discussion 

To  investigate  the  role  of  cobalt  in  the  nitrogen-modified 
carbon-based  catalysts,  Co-ED/PPy-CNF  catalysts  with  varying 
amounts  of  Co  were  prepared.  HR-TEM  images  in  Fig.  l(a)-(d) 
shows  Co— ED/PPy— CNF-2,  Co-ED/PPy-CNF-5,  Co-ED/PPy-CNF- 
10  and  Co-ED/PPy-CNF-20  catalysts  before  the  chemical  leach¬ 
ing  process,  respectively.  From  these  images,  it  appears  that  the 
number  of  cobalt  particles  increases  with  increasing  cobalt  loading 
from  2  to  20  wt.%.  After  the  chemical  leaching  process,  however,  no 
significant  difference  was  observed  in  terms  of  Co  content  from 
sample  to  sample  as  shown  in  Fig.  l(e)-(h).  To  quantify  the  Co 
content  before  and  after  the  chemical  leaching  process  in  the 
catalysts,  ICP  analysis  was  carried  out  and  the  results  are  summa¬ 
rized  in  Table  1.  Before  chemical  leaching,  the  Co  content  in  each 
catalyst  was  close  to  the  nominal  target,  ranging  from  1.7  to 
18  wt.%.  In  contrast,  after  chemical  leaching  the  Co  content  that 
remained  in  the  catalysts  were  reduced  to  between  1.0  and 
3.2  wt.%.  This  result  indicates  that  most  of  Co  particles  are  dissolved 
and  removed  during  the  chemical  leaching  process.  The  chemical 
leaching  process  is  essential  for  the  application  of  fuel  cells  because 
the  unstable  Co  in  the  acidic  environment  of  fuel  cells  can  cause 
contamination  of  the  proton  exchange  membrane  resulting  in 
detrimental  effects  on  the  lifetime  of  fuel  cells.  As  shown  in  the 
inset  image  of  Fig.  1(e),  the  surviving  Co  particles  are  protected 
from  the  chemical  leaching  process  by  the  encapsulation  of  several 
layers  of  graphitic  carbon  formed  during  the  pyrolysis  process  [30]. 

The  ORR  catalytic  activities  for  the  Co-ED/PPy-CNF  catalysts 
synthesized  from  varying  amounts  of  Co  were  studied  using  a  RDE 
system.  First,  all  samples  were  treated  by  the  chemical  leaching 
process.  For  comparison,  a  catalyst  with  no  added  cobalt  (Co-ED / 
PPy-CNF-0)  was  tested  under  the  same  conditions.  As  shown  in 
Fig.  2,  a  significant  improvement  in  activity  is  observed  with 
increasing  amounts  of  Co  in  the  preparation  of  catalysts.  The  ORR 
current  of  the  Co-ED/PPy-CNF-0  is  0.004  mA  at  0.6VNHe-  It  is 
increased  significantly  to  a  value  of  0.43  mA  for  the  Co-ED/ 
PPy-CNF-10.  Beyond  10  wt.%  Co  loading,  the  current  for  the  ORR 
is  saturated.  It  is  clear  from  the  data  that  increasing  the  amount  of 
the  Co  salt  used  in  the  preparation  of  catalysts  increases  the  ORR 
activity.  It  is,  however,  still  reasonable  to  assume  that  Co  itself  is  not 
the  direct  ORR  active  site  because  ICP  analysis  and  HR-TEM  images 
show  that  the  amount  of  Co  remaining  in  the  catalysts  after  the 
chemical  leaching  process  is  similar  for  all  Co  loading  amounts.  In 
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Fig.  1.  HR-TEM  images  of  the  nitrogen-modified  carbon-based  catalysts  with  different  Co  contents,  (a)  Co-ED/PPy-CNF-2,  (b)  Co-ED/PPy-CNF-5,  (c)  Co-ED/PPy-CNF-10  and  (d) 
Co— ED/PPy— CNF-20  before  chemical  leaching,  (e)  Co-ED/PPy-CNF-2,  (f)  Co-ED/PPy-CNF-5,  (g)  Co-ED/PPy-CNF-10  and  (h)  Co-ED/PPy-CNF-20  after  chemical  leaching. 


addition,  the  surviving  Co  particles  are  covered  with  graphene 
layers  [37-39]. 

To  understand  the  role  of  Co  in  more  detail,  the  total  nitrogen 
content  and  the  N  Is  level  of  each  catalyst  were  measured  by 
elemental  and  XPS  analysis,  respectively.  According  to  these  results, 
as  shown  in  Fig.  3,  both  the  total  nitrogen  content  and  the  type  of 
nitrogen  functional  groups  in  the  catalysts  are  strongly  affected  by 
the  initial  amount  of  Co  before  the  chemical  leaching  process.  The 
total  nitrogen  content  increases  from  1  to  4.5  wt.%  with  increased 
initial  Co  loading  up  to  10  wt.%.  The  catalyst  with  20  wt.%  Co 
loading  does  not  show  a  significant  difference  from  that  of  the 
catalyst  loading  with  10  wt.%.  This  result  follows  the  same  trend  as 
the  ORR  activity  in  Fig.  2,  indicating  that  a  higher  nitrogen  content 
in  the  catalyst  leads  to  a  higher  ORR  activity  [40].  Co  also  has  an 
influence  on  the  type  of  nitrogen  functional  groups  present.  The  N 
Is  spectra  obtained  from  the  XPS  are  deconvoluted  into  three 
peaks.  Those  three  peaks  are  pyridinic-N  (398.5  eV),  pyrrolic-N 
(400.5  eV)  and  graphitic-N  (401.1  eV)  [41,42].  From  the  XPS 
results  it  is  clear  that  the  ratios  of  both  pyridinic-N  and  graphitic-N 
increase,  whereas  that  of  pyrrolic-N  decreases  as  more  Co  is 
introduced  during  the  reaction.  It  has  been  proposed  that  both 
pyridinic-N  and  quaternary-N  are  responsible  for  the  ORR  active 
sites  [43].  It  is  worth  noting  that  the  total  amount  of  nitrogen 
applied  to  synthesize  each  catalyst  is  held  constant  by  fixing  the 
amount  of  PPy  and  ED  used.  Therefore,  it  could  be  concluded  that 

Table  1 

Cobalt  (Co)  content  and  catalytic  activity  in  the  nitrogen-modified  carbon-based 
ORR  catalysts.  ICP  was  used  to  determine  Co  content  and  was  obtained  before  and 
after  chemical  leaching  in  a  0.5  M  H2S04  solution  at  80  °C.  Catalytic  activity  was 
determined  using  a  RDE  system. 


Sample 

Co  content  (wt.%) 

Before  After 

leaching  leaching 

Onset 

potential 

(Vnhe) 

Current 
@  0.6  VNHe 
(mA) 

Co— ED/PPy— CNF-0 

0 

0 

0.64 

0.004 

Co-ED/PPy-CNF-2 

1.7 

1.0 

0.79 

0.061 

Co-ED/PPy-CNF-5 

4.1 

2.1 

0.80 

0.187 

Co-ED/PPy-CNF-10 

8.2 

2.7 

0.87 

0.430 

Co-ED/PPy-CNF-20 

18.0 

3.2 

0.85 

0.375 

Co  behaves  as  a  booster  to  increase  nitrogen  content  in  the  catalyst 
by  creating  more  nitrogen  functional  groups  that  are  active  toward 
the  ORR  from  the  nitrogen  sources  added  initially. 

To  investigate  the  effect  of  another  transition  metal,  Fe-ED/ 
PPy-CNF  catalysts  with  different  Fe  contents  were  synthesized  by 
the  same  process  used  in  the  preparation  of  Co-ED/PPy-CNF.  Fe  is 
selected  because  it  is  also  known  to  be  an  efficient  metal  in  the 
preparation  of  nitrogen-modified  carbon-based  catalysts.  The  ORR 
catalytic  activities  for  these  catalysts  are  measured  using  the  RDE 
test  and  the  results  are  presented  in  Fig.  4  and  Table  2.  All  of  the 
samples  are  chemically  leached  before  testing.  After  chemical 
leaching,  the  content  of  Fe  is  reduced  to  below  2  wt.%,  implying  that 
most  of  Fe  was  dissolved  as  is  the  case  for  Co  in  the  Co-ED/ 
PPy— CNF  catalysts.  The  ORR  activity  of  Fe— ED/PPy— CNF  increases 
as  the  amount  of  Fe  increases.  This  result  is  the  same  trend  of 


Fig.  2.  Polarization  curves  of  oxygen  reduction  on  the  nitrogen-modified  carbon-based 
catalysts  with  different  Co  contents.  For  comparison,  the  curve  measured  on  the 
catalyst  with  no  cobalt  loading  (Co-ED/PPy-CNF-0)  is  also  shown.  The  measurements 
were  performed  in  an  02-saturated  0.5  M  H2S04  solution  using  a  potential  scan  rate  of 
5  mV  s_1  and  a  rotation  speed  of  1200  rpm. 
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Fig.  3.  The  total  nitrogen  content  as  determined  by  elemental  analysis,  and  deconvoluted  XPS  spectra  of  the  N  Is  region  for  (a)  Co-ED/PPy-CNF-0,  (b)  Co-ED/PPy-CNF-2,  (c) 
Co— ED/PPy— CNF-5,  (d)  Co-ED/PPy-CNF-10  and  (e)  Co-ED/PPy-CNF-20. 


Fig.  4.  Polarization  curves  for  oxygen  reduction  on  the  nitrogen-modified  carbon- 
based  catalysts  with  different  Fe  contents.  For  comparison,  the  curve  measured  on  the 
catalyst  with  no  iron  loading  (Fe-ED/PPy-CNF-0)  is  also  shown.  The  measurements 
were  performed  in  an  02-saturated  0.5  M  H2S04  solution  using  a  potential  scan  rate  of 
5  mV  s-1  and  a  rotation  speed  of  1200  rpm. 


Co-ED/PPy-CNF  catalysts  in  Fig.  2,  but  the  performance  of  the  ORR 
is  lower  for  Fe— ED/PPy-CNF  than  for  Co-ED/PPy-CNF.  To  inves¬ 
tigate  the  nitrogen  functional  groups  in  Fe-ED/PPy-CNF,  XPS  and 
elemental  analysis  are  once  again  carried  out  and  the  results  are 
shown  in  Fig.  5.  The  total  nitrogen  content  of  the  catalysts  increases 
with  Fe  content  and  the  Fe-ED/PPy-CNF- 10  catalyst  shows  the 
highest  N  content  of  3.2  wt.%.  This  result  displays  the  same  trend  as 
with  the  Co-ED/PPy-CNF  as  shown  in  Fig.  3,  but  Fe-ED/PPy-CNF 
had  an  overall  lower  nitrogen  content  when  compared  with 
Co— ED/PPy— CNF.  The  XPS  results  show  that  the  ratios  of  pyridinic- 
N  and  graphitic-N  increase  while  that  of  pyrrolic-N  decreases  as  Fe 
is  introduced.  In  particular,  the  ratio  of  graphitic-N  for  the  Fe-ED/ 


Table  2 

Iron  (Fe)  content  and  catalytic  activity  in  the  nitrogen-modified  carbon-based  ORR 
catalysts.  ICP  was  used  to  determine  Fe  content  and  was  obtained  before  and  after 
chemical  leaching  in  a  0.5  M  H2S04  solution  at  80  °C.  Catalytic  activity  was  deter¬ 
mined  using  a  RDE  system. 


Sample 

Fe  content  (wt.%) 

Before  After 

leaching  leaching 

Onset 

potential 

(Vnhe) 

Current  @  0.6 
Vnhe  (mA) 

Fe-ED/PPy-CNF-0 

0 

0 

0.64 

0.004 

Fe— ED/PPy— CNF-2 

1.3 

0.7 

0.78 

0.040 

Fe— ED/PPy— CNF-5 

3.8 

1.5 

0.80 

0.168 

Fe— ED/PPy— CNF-10 

8.0 

1.8 

0.86 

0.261 

Fe— ED/PPy— CNF-20 

15.3 

2.0 

0.83 

0.195 
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Fig.  5.  The  total  nitrogen  content  as  determined  by  elemental  analysis,  and  deconvoluted  XPS  spectra  of  the  N  Is  region  for  (a)  Fe-ED/PPy-CNF-0,  (b)  Fe-ED/PPy-CNF-2,  (c) 
Fe— ED/PPy— CNF-5,  (d)  Fe-ED/PPy-CNF-10  and  (e)  Fe-ED/PPy-CNF-20. 


PPy-CNF  catalysts  increases  more  than  in  the  case  of  the  Co-ED / 
PPy-CNF  catalysts.  In  a  summary  of  experimental  results 
obtained  from  Co-ED/PPy— CNF  and  Fe— ED/PPy— CNF,  it  can  be 
concluded  that  transition  metals  such  as  Co  and  Fe  do  not  act  as  an 
active  site  for  the  ORR.  Instead,  they  serve  to  promote  the  formation 
of  active  nitrogen  functional  groups  for  the  ORR  by  incorporating 
nitrogen  into  the  carbon  structure  during  pyrolysis.  After  pyrolysis, 
the  metals  should  be  removed  to  avoid  contaminating  the  fuel  cells. 
Because  the  metals  are  not  an  active  site  of  ORR,  catalysts  still 
showed  high  ORR  activity  after  the  chemical  leaching  process. 

To  correlate  the  results  of  XPS  and  the  ORR  activity  further,  the 
MEAs  using  Co-ED/PPy-CNF-10  and  Fe-ED/PPy-CNF-10  catalysts 
were  fabricated  and  their  polarization  curves  were  measured  using 
a  fuel  cell  station.  All  catalysts  were  chemically  leached  nitrogen- 
modified  carbon-based  catalysts.  As  shown  in  Fig.  6,  the  open 
circuit  voltages  of  these  cells  are  approximately  0.85  V.  The  Co¬ 
based  catalyst  is  more  active  toward  the  ORR  than  the  Fe-based 
catalyst,  a  result  in  good  agreement  with  RDE  test  results.  The 
Co-ED/PPy-CNF-10  shows  as  much  as  0.7  A  cm-2  at  0.4  V, 
compared  to  only  0.53  A  cm-2  for  the  Fe-ED/PPy-CNF-10  at  the 
same  potential.  This  is  due  to  the  difference  in  the  quantity  of  the 
active  nitrogen  content  derived  from  the  use  of  different  transition 
metals. 


Fig.  6.  Comparison  of  MEA  performance  using  the  Co-ED/PPy-CNF-10  and  Fe-ED/ 
PPy-CNF-10.  The  cathode  catalyst  loading  was  8.0  mg  cm-2.  The  experiments  were 
performed  under  2  atm  using  H2/02  for  the  anode  and  cathode. 
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Fig.  7.  Stability  test  of  H2/02  fuel  cells  at  0.4  V  using  Co-ED/PPy-CNF-10  and  Fe-ED/ 
PPy-CNF-10  catalysts  as  the  cathode  catalysts  for  100  h. 

Fig.  7  displays  the  stability  tests  of  the  MEAs  with  Co-ED/ 
PPy-CNF-10  and  Fe-ED/PPy-CNF-10  catalysts  performed  at  0.4  V 
for  100  h.  The  MEA  performance  of  each  catalyst  decreases 
continuously  with  different  degradation  rates  as  a  function  of  time. 
The  Co-ED/PPy-CNF-10  catalyst  shows  a  performance  degradation 
rate  of  178  pAcrrr2  h_1,  while  the  Fe— ED/PPy— CNF-10  degrades  at 
approximately  115  pAcrrr2  h_1.  This  difference  of  degradation  rate 
can  be  explained  by  the  difference  in  nitrogen  functional  groups  for 
the  catalysts.  It  is  well  known  that  both  pyridinic-N  and  graphitic-N 
are  active  for  the  ORR  [44].  In  terms  of  stability,  the  graphitic-N  is 
preferred  to  the  pyridinic-N.  The  pyridinic-N  is  not  stable  in  an 
acidic  environment  because  it  can  be  protonated  to  yield  a  pyr- 
idinic-N-EI  that  is  not  active  toward  the  ORR.  In  contrast,  the 
graphitic-N  has  bonds  to  three  carbon  atoms,  resulting  in 
a  decreased  likelihood  of  protonation  [45].  Because  the  Fe-ED / 
PPy-CNF-10  has  a  higher  ratio  of  graphitic-N  when  compared 
with  Co-ED/PPy-CNF-10,  it  is  expected  that  Fe-ED/PPy-CNF-10 
would  be  more  stable  than  Co-ED/PPy-CNF-10. 

4.  Conclusion 

In  this  study,  the  role  of  the  transition  metal  (Co  or  Fe)  in 
nitrogen-modified  carbon-based  catalysts  for  the  ORR  is  explored. 
The  nitrogen-modified  carbon-based  catalysts  are  synthesized  by 
the  pyrolysis  process  in  the  presence  of  PPy  and  ED  with  varying 
transition  metal  contents.  Based  on  electrochemical  and  quantita¬ 
tive  analysis,  it  is  believed  that  the  transition  metal  itself  does  not 
participate  directly  as  the  active  site  for  the  ORR.  Instead,  the  tran¬ 
sition  metal  promotes  the  formation  of  active  sites  by  catalyzing  the 
incorporation  of  nitrogen  atoms  into  the  graphene  layers  to  replace 
carbon  atoms  during  pyrolysis.  In  a  comparison  between  Co  and  Fe, 
it  is  found  that  Co  is  more  effective  in  increasing  the  nitrogen 
content  and  active  nitrogen  functional  groups  than  Fe,  resulting  in 
higher  ORR  activity.  Fe  derived  catalysts,  however,  show  higher 
durability  due  to  the  enhanced  formation  of  graphitic  nitrogen  that 
is  more  stable  in  the  acidic  media  than  pyridinic  nitrogen.  Therefore, 
it  is  important  to  find  effective  transition  metal  to  improve  activity 
and  durability  of  nitrogen-modified  carbon-based  catalysts. 
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